Abstract-Intelligent transportation systems (ITS) are becoming a crucial component of our society, whereas reliable and efficient vehicular communications consist of a key enabler of a well-functioning ITS. To meet a wide variety of ITS application needs, vehicular-to-vehicular and vehicular-to-infrastructure communications have to be jointly considered, configured, and optimized. The effective and efficient coexistence and cooperation of the two give rise to a dynamic spectrum management problem. One recently emerged and rapidly adopted solution of a similar problem in cellular networks is the so-termed device-to-device (D2D) communications. Its potential in the vehicular scenarios with unique challenges, however, has not been thoroughly investigated to date. In this paper, we for the first time carry out a feasibility study of D2D for ITS based on both the features of D2D and the nature of vehicular networks. In addition to demonstrating the promising potential of this technology, we will also propose novel remedies necessary to make D2D technology practical as well as beneficial for ITS.
D2D for Intelligent Transportation
Systems: A Feasibility Study nearby vehicles, open new opportunities to a variety of diverse applications dealing with safety, security, efficiency, management, and entertainment on the road. Communications between vehicles and the transportation infrastructure has been crucial for the success of current applications used in vehicular scenarios, as evidenced by the widespread adoption of the Global Positioning System (GPS), and increasing adoption of roadside units (RSUs) that are capable of supporting persistent connection with vehicles on the road [6] , [7] . On the other hand, vehicle-to-vehicle (V2V) communications are viewed by many researchers as the traditional protocol for vehicular ad hoc networks (VANETs) and the most viable approach to short-range vehicular networks [8] , [9] . Nevertheless, connectivity disruptions in VANETs can occur due to frequent and rapid topology network changes, high and variable vehicle velocity, and in scenarios where vehicles are sparsely distributed or completely disconnected [10] . As a consequence, vehicles do not always provide reliable connections for safetycritical ITS applications but can be an ideal complement to vehicle-to-infrastracture (V2I) communications by facilitating high-data-rate capability [11] .
Majority of existing work concerning vehicular networks has focused on either V2V communications or V2I communications scenarios [6] - [9] . In order to achieve improved network performance in vehicular networks, more researchers have started to consider joint V2V and V2I communications. It has been demonstrated that vehicular networks exploiting both V2V and V2I communications provide considerably better performance than the ones based on either of them individually [12] - [17] . Communication architectures properly integrating V2V and V2I will be the key to the success for the next-generation ITS.
When joint V2V and V2I is under consideration, the problem of spectrum access and sharing emerges. As a nice solution of a similar problem in cellular networks, the concept of D2D communications has been recently proposed [18] , [19] . D2D can be interpreted as "the communication between two users in proximity using a direct link between the devices in order to bypass" the base station (BS) [18] . Although some D2D communications are outband in that the D2D users access unlicensed bands for D2D transmissions, they are more often inband in that the D2D users communicate over the same cellular spectrum as the BS. The inband scheme can be further classified into two categories, namely, underlay inband and overlay inband [19] . In the former case, D2D users reuse the resource blocks (RBs), which are also available to the cellular users. In the latter case, D2D communications occur over dedicated RBs subtracted from cellular users. Clearly, the underlay case has a performance advantage in terms of the spectrum efficiency.
In a more general sense, the underlay D2D communications is a special case of cognitive radio. Toward achieving improved communication resource utilization, cognitive radio has been proposed back in the early 1990s in the form of softwaredefined radio [20] . A cognitive radio is an intelligent radio that can dynamically self-program and self-configure according to the wireless environment in its vicinity. Its transceivers can automatically detect the available channels, a.k.a. spectrum holes, in the wireless spectrum, and then adapt its transmission and reception settings accordingly to facilitate multiple coexisting wireless communications in a given frequency band at one location [21] . The operation of cognitive radio often involves two stages: a spectrum sensing stage, where the secondary users discover the spectrum holes unused by the primary users, and a communication stage, where the secondary users communicate over such unused spectrum "white space." Underlay D2D communications is special in that the spectrum allocated to the D2D users is not determined by sensing of these D2D users. Instead, it is determined by the BS in a controlled manner. As a result, it is a dynamic spectrum management technology that provide ensured protection to the primary users.
These features of D2D render it particularly suitable for ITS scenarios where, despite the need of higher spectrum efficiency, the V2I links provide critical safety services, which have to be well protected. In this paper, we investigate the feasibility of V2V and V2I integration by operating the V2V links as underlay D2D links, which we term as D2D for ITS. In particular, we first provide an overview of existing D2D research in cellular networks. We then verify the benefits of D2D in vehicular networks with unique spatial vehicle distribution and channel characteristics. Exploiting the properties of vehicular networks, we propose a suite of novel, simple, yet effective methods for low-complexity high-performance D2D operation in such environments. These include an interference coordination approach, a resource-allocation scheme based on the vehicle position, and a transmission scheduling framework exploiting cooperation among neighboring RSUs. All these are supported by analyses as well as extensive simulations using realistic vehicular network parameters. The results demonstrate the feasibility and potential of D2D for ITS as a powerful enabler of communications and networking.
II. D2D CONCEPT
The gain of employing D2D in a cellular network can be classified into four types, namely, the proximity gain, the hop gain, the reuse gain, and the pairing gain. The proximity gain comes from the high data rate and low power consumption due to the relatively short communication range between D2D transceivers. When two user equipments (UEs) in a cellular network communicate via a D2D link, only two channels are used. This is to be contrasted with the UE communications through the BS, in which case four channels (two uplink and two downlink) are used. This saving leads to the so-termed hop gain. The reuse gain intuitively comes from the fact that the D2D and cellular links can simultaneously share the same radio resources. The pairing gain comes into the picture as a UE can select either cellular or D2D communication mode. Reference [22] suggested that the overall throughput in the network with D2D communications may increase up to 65% compared to the case where all D2D traffic is transmitted through the cellular mode. In addition, the D2D operation can be fully transparent to users, and manual pairing or access point definition is not required as in wireless local area network or Bluetooth. In other words, the cellular network conceals the complexity of setting up the D2D connection from users.
There are four typical modes for D2D communications.
• Silent mode (no D2D): All available resources are used for cellular links, and spectrum reuse is not possible. The D2D devices cannot transmit data and have to stay silent.
• Reuse mode (D2D underlay): D2D devices directly transmit data by reusing some resources of the cellular network. The spectrum reuse can be in either uplink or downlink communications.
• Dedicated mode (D2D overlay): The cellular network dedicates a portion of resources for D2D devices for their direct communications.
• Unique mode (D2D only): This mode is the opposite of the silent mode. All available resources are used for D2D devices only, and the cellular communications stay silent. In this paper, we will focus on the D2D underlay reuse mode. The main research issues therein include power control, resource allocation, and transportation protocol design. Although these issues are also present in the overlay scenario [23] - [25] , they are much more critical in the underlay case simply because of the shared resources and the more challenging interference issues.
A. Transmission Scheduling
Interference in each RB is time and space dependent. Intelligent selection of the shared RBs would lead to better network throughput and spectrum utilization. Hence, efficient transmission scheduling is an important issue.
As shown in Fig. 1 , when a UE moves from one BS's coverage into another, it will undergo a switching period T sw corresponding to the handover between the two BSs. During that process, the new BS will assign the switching UE with the radio resource that is specifically reserved for the handover to retain the transmission continuity. When the handover process is completed, the UE then continues transmitting for a period of T ft using the radio resource assigned in the handover process. After that, when the vehicle needs to make another transmission, it will go through a scheduling period T sc to be assigned to a (possibly different) radio RB. Generally, the scheduling period can be expressed as
(1) where IEN stands for the number of information exchange instances, τ is the time cost of each communication interaction between any two nodes in the resource-allocation process, and T sc0 is the time cost of the transmission of a control signal relevant to the scheduling, such as scheduling request/respond messages. The total information exchange time (IET) cost in the resource-allocation process is then given by IET = IEN · τ . The data transmission period T tr then follows the scheduling period. Thereafter, the vehicle undergoes T sc and T tr alternately until moving out of the current BS range and entering the next switching period.
B. Power Control and Resource Allocation
Power control and resource allocation consist of the key mechanism of mitigating interference among D2D and cellular users. The transmission power should be allocated to satisfy the quality-of-service (QoS) requirements, e.g., signalto-interference-and-noise ratio. In fact, spectrum utilization can only be improved via proper power control and resource allocation, which allow more D2D links to share the same resource. In addition, total power consumption is also an important concern.
There has been a significant amount of work along this line in the literature. A simple system model with one cellular user and one D2D pair was considered in [24] , [33] , and [34] . The entire frequency band is reused by the D2D pair concurrently with the cellular user in the underlay mode [33] , [34] or in distinct time slots with the cellular user in the overlay mode [24] . The transmit power of the D2D pair and cellular user is then optimized under the total power constraint to achieve the maximum sum rate. A more general system model with multiple cellular users and multiple D2D pairs is considered in [26] and [28] - [31] . The frequency band is divided into a number of RBs, and a variety of methods has been proposed to allocate each RB to the cellular users and D2D pairs.
Game theory is also adopted for resource allocation in the D2D communication scenario [26] , [28] , [31] . A reverse iterative combinatorial auction was introduced in [26] and a sequential second price auction in [28] as the allocation mechanisms to optimize the system sum rate over the resource sharing of both D2D and cellular modes. In the auction, cellular users [26] or the D2D pairs [28] bid for the RB in each round based on the measurement of the channel rate gain due to the frequency reuse by the D2D pairs. A large number of auction rounds between the bidder and BS may be needed to achieve convergence. In [31] , the coalition formation game is adopted to formulate the resource-allocation problem in D2D communications. The authors in [31] attempted to solve the problem in a distributed manner, and each user can obtain one RB at most. Specifically, the user group that achieves the maximum sum rate on a specific RB acquires it from the BS for data transmission.
Other than the game theory, the authors in [29] formulated the resource-allocation problem based on an interference-aware graph, where the interferences of channels between the cellular users and D2D users are labeled by different levels. An interference-aware graph-based resource sharing algorithm is then carried out at the BS side to achieve the maximum sum rate. In [30] , the authors proposed a two-phase approach, where resource allocation for cellular downlink and uplink flows with max-min fairness is performed in the first phase and resource allocation for D2D flows with rate protection for cellular flows is conducted in the second phase. A list of mainstream resourceallocation schemes together with their corresponding computation complexity and required IEN is summarized in Table I .
Starting from the next section, we will investigate the feasibility of D2D technology in ITS from a vehicular-specific perspective. We will first describe the D2D operation in vehicular networks and then propose several remedies improving the D2D performance that are tailored for vehicular environments.
III. D2D FOR ITS
Conventionally, the ITS functionality is enabled by VANETs, which exploit the so-termed V2V communications in short range. A dedicated short-range communication multihop mode is often used for V2V communications to facilitate the flooding of information of vehicular data applications [35] , [36] . However, due to the ad hoc nature of such networks and the system mobility, such V2V-only approach is not suitable for latencysensitive and safety-critical ITS applications.
On the other hand, V2I communications is capable of maintaining stable communications to/from the vehicle, particularly when coupled with vehicle tracking enabled by multiple RSUs. This is reminiscent of the silent mode we introduced in Section II. Such mode may not be suitable for high-rate multimedia flooding but is ideal for core ITS safety functions.
Clearly, vehicular networks exploiting both V2V and V2I communications can better meet the QoS requirements of various ITS applications, as has been demonstrated in [12] - [17] . In the existing literature concerning joint V2V and V2I communications, nearly all work assume an operational mode similar to the overlay D2D communications in that the V2V and V2I communications use distinct spectrum resource [12] - [15] . In our recent work [16] , [17] , we first considered the underlay D2D mode in ITS by allowing the V2V and V2I communications to share the same RBs. This D2D underlay operation of V2V links in coexistence of V2I communications is what we will refer to hereafter as D2D for ITS.
A. D2D or Not?
The first and foremost question in advocating D2D in ITS is then whether such an operation mode would induce any gain, and if so, how much gain. Compared to cellular networks, the vehicular networks result in two major differences from the perspective of D2D communications: 1) the spatial distribution of the vehicles in the vehicular network can be very different from that of the UEs in the cellular network, given the geometry of the road that constrains the vehicle movement; and 2) the channel characteristics given the much higher mobility of the vehicles in vehicular networks than pedestrians in cellular networks. Channel modeling for the vehicular network [37] - [44] is also more challenging than the cellular network because of the rapid change of vehicular network topology. As a result, although positive results are already well accepted for cellular deployment, the potential gain of D2D in ITS has to be evaluated in realistic vehicular environments.
First, we consider a single V2V pair with transceiver distance varying from 5 to 100 m, in coexistence of a V2I link. For the cellular system, the BS coverage is 1 km, whereas for the vehicular network, a road segment of area 1 km × 20 m is considered. In Figs. 2-4 , we compare the average spectrum efficiency of four scenarios, namely, D2D underlay, D2D overlay, D2D only, and silent (no D2D) modes, for both cellular and From these figures, we observe that the respective curves are very similar when all channels are Rayleigh fading. The vehicular cases start to deviate from the cellular cases when the V2V channels are modeled as Weibull, and the deviation becomes more evident when the V2I channels are also Weibull fading. This implies that the spatial distribution of the vehicles has negligible influence on the spectrum efficiency and that the more challenging Weibull channel distribution is the determining factor for the spectrum efficiency of all four D2D deployment modes.
Regardless of the channel distribution, however, we observe that the D2D underlay option always provides the highest spectrum efficiency universally. In addition, when the D2D transceiver distance is less than 15-20 m, the D2D-only mode performs the best and silent mode the worst. This is reversed as the D2D transceivers get further apart. Such is quite reasonable because the D2D link quality is adversely affected by the D2D transceiver distance.
These comparisons demonstrate the following: 1) At small D2D transceiver distances, the D2D-only mode facilitates a transmission capacity 2-5 times that of the silent mode and is thus suitable for high-data-rate communication needs; 2) at large D2D transceiver distances, the silent mode provides a stable data rate capable of supporting safety-critical low-data rate applications; and 3) the D2D-underlay mode strikes the best spectrum efficiency at all D2D transceiver distances.
B. How Many D2D Links?
Although the above demonstration clearly shows that the D2D-underlay mode is advantageous in terms of a single-D2D-link spectrum efficiency than all other alternatives, the coexistence of multiple D2D links will introduce interference that may be a detriment to such advantage. To examine this, we consider the scenario with multiple D2D pairs with the D2D link range of 20 m. From Fig. 5 , we see that even when all channels are Weibull fading, the average spectrum efficiency [and correspondingly the number of effective D2D pairs, for which the signal to interference and noise ratio (SINR) is higher than a given threshold γ th = 3 dB, as shown in Fig. 6 ] is noticeably higher for vehicular networks. This implies that, when multiple D2D links coexist, the spatial vehicle distribution has noticeable effects on the interference among these D2D links. In addition, the geometry in vehicular networks appears to be more favorable to the D2D deployment.
From all curves, we also observe that the spectrum efficiency first increases and then drops as the number of D2D pairs increases because of the interference among them. At low D2D density, interference is quite limited, and the average spectrum efficiency is mainly determined by the number of D2D links and hence increases with the latter. After a certain point, the interference becomes dominant; hence, the average spectrum efficiency decreases as the D2D link density increases. In Weibull channels, the more challenging propagation environment leads not only to smaller per-link capacity but also to smaller interference among different D2D links. As a result, although the average spectrum efficiency in Weibull channels is smaller in the noise-limited range, it is actually the highest in the interference-limited range.
Based on these observations, and exploiting the unique geometry of vehicular networks, we propose the following.
Interference Control Mechanism: Using the vehicle locations on the road and predicted relative movements of vehicles during the entire term of transmissions, the interference control mechanism prohibits any D2D pairs to locate within 200 m from each other to share the same RB. For this one, which links to allow seems to be an optimization problem.
Note that this may be complicated to implement in the cellular setup but is quite straightforward in vehicular networks due to a geometry that is essentially 1-D and vehicle movements that are highly predictable. From the results shown in Figs. 7 and 8 , we notice that the average spectrum efficiency increases continuously, whereas the percentage of active D2D links remains roughly constant for all cases. Among the different propagation environments, Rayleigh fading channels witness the most prominent performance improvement. Recall that Rayleigh channels also lead to the most significant interference among D2D links, this observation further verifies the effectiveness of this simple interference control mechanism in eliminating interference.
IV. RESOURCE ALLOCATION IN VEHICULAR ENVIRONMENTS
Existing resource-allocation schemes developed for D2D communications in cellular environments are mostly based on full channel state information (CSI). For scenarios with low device mobility, such approaches may achieve near-optimum performance. For vehicular scenarios with high mobility, however, not only that it is very costly to acquire full CSI, but also the CSI can get easily outdated, particularly when it takes nonnegligible time to obtain the resource-allocation solution, as shown in Table I . Hence, we first evaluate the usefulness of full CSI in mobile environments. 
A. Usefulness of Full CSI
We consider two types of CSI: 1) full CSI containing the actual channel fading parameters and 2) partial CSI containing the pass loss only. Based on this information, the so-termed reverse iterative combinatorial auction in [26] is then used to obtain a resource-allocation solution. Since the computation time in necessary information exchanges as well as solution computation is nonnegligible, the channel would have changed from the initial time when the obtained solution is eventually applied. In Fig. 9 , we see that as the time cost of information exchange increases, the sum rate of the system drops monotonically for both full and partial CSI cases. However, curves corresponding to these two cases remain very close to each other, demonstrating that the full CSI is no more useful than the vehicle position information when they are both outdated. In other words, due to the rapid channel variations in the mobile scenario, even if one can obtain full CSI, the actual obtained sum rate will still suffer from a significant degradation.
The nice thing about vehicular networks is that the position measurements are often readily available in ITS applications. One can use the position information to obtain partial CSI, that is, the path loss of the channel based on the transceiver distance only. More importantly, the largely predictable vehicle movement makes it possible to estimate the vehicle trajectory, and accordingly, the resource-allocation algorithm can make use of the predicted partial CSI (path loss), at the time of applying the resource-allocation solution. Summarizing, we propose the following resource-allocation approach.
Predictive Resource Allocation: Using the vehicle location, velocity, and acceleration parameters at an initial time instant T 0 , estimate the vehicle locations at T 0 + T sc with T sc denoting the time needed for completing the resource scheduling process. Then the resource-allocation solution is obtained based on these predicted vehicle locations.
The resultant sum rate performance is also plotted in Fig. 9 . We observe that the performance remains the same regardless of the IET due to the resource-allocation process. Actually, [48] , [49] due to the high complexity of channel estimation in obtaining the full CSI [45] , [46] , we believe that the partial CSI instead of the full CSI will be more suitable for vehicular networks from the perspective of both practicality and effectiveness. An exemplary case can be found in our recent work on the data dissemination approach design [47] .
B. Effects of Positioning Precision
In the preceding section, although the position-only mode provides partial CSI, perfect knowledge of the vehicle location is assumed. In practice, however, various positioning technologies adopted in transportation result in different levels of positioning precision. Some prevalent positioning technologies and their corresponding precision levels are summarized in Table II . We see that the positioning precision drastically varies when different wireless technologies are used. Correspondingly, we evaluate the sum rate performance at different positioning precision levels. The average and ± standard deviation of the sum rate error versus the positioning error are shown in Fig. 10 . Evidently, they both increase with the positioning error. In  Fig. 11 , the battery consumption and latency of positioning technologies in Table II are also depicted.
V. SCHEDULING VIA RSU COOPERATION
If one directly borrows the existing D2D research for cellular networks, the resource allocation and scheduling will be almost exclusively carried out at individual RSUs without any corporation among them. In other words, the only information exchange among RSUs will be the messages facilitating vehicle handover between two adjacent RSUs.
However, different from cellular networks, vehicular networks entail some unique features: 1) Each RSU typically has only two neighboring RSUs in a linear road scenario; 2) the high moving speed of vehicles results in high frequency of handover; and 3) the movement of vehicles is much more predictable than cellular user movement. Based on these distinct features, we propose to incorporate RSU cooperation in vehicular networks where RSUs carry out the resource allocation cooperatively via the backhaul connection among RSUs.
RSU Cooperative Scheduling: Using the vehicle velocity and position information, each RSU predicts the time-varying network topology within its coverage range as well as the potential RSU association for vehicles moving out from its coverage. Such prediction can then be communicated to the corresponding neighbor RSU through the (possibly wired) backhaul network connecting RSUs. In other words, each RSU can reliably predict which vehicles are to be switched in and out of its range.
As a result, via cooperation, each RSU can timely release the radio resource from the vehicles switched out and reserve the radio resource for the vehicles switched in. Accordingly, there is no need to deal with the complex handover process as needed by the case with conventional D2D scheduling. The resultant schematic of our proposed approach is shown in Fig. 12 . Contrary to Fig. 1 for the conventional protocol, this scheme consists of a scheduling stage followed by the 
A. Spectrum Efficiency of the Conventional Protocol
Denote the duration between two successive switching periods as one sojourn period and denoted by T so . In addition, allow a certain amount of radio resource to be reserved for the periodical control signaling, such as channel measurement reporting messages. For example, in TD-LTE systems [50] , three orthogonal frequency-division multiplexing symbols in each subframe are used for control signals. Here, we denote the cost for control signaling by βR, where 0 < β < 1, and R denotes the overall radio resource. In addition, the resource reserved for the handover is denoted by α(1 − β)R, where 0 < α < 1. Therefore, the radio resource allocated to the vehicles during the scheduling period is
We denote the spectrum efficiency as the effective data transmission ratio during one sojourn period. Therefore, the spectrum efficiency of the conventional scheduling protocol in Fig. 1 is then given by
where N nc = (T so − T sw − T ft )/(T sc + T tr ) denotes the number of transmission chances of the vehicle that can be scheduled during T so without RSU cooperation.
B. Spectrum Efficiency of the Cooperative Protocol
During the scheduling period with RSU cooperation, information is exchanged among RSUs for the cooperation in addition to the time cost for carrying out the resource-allocation strategy. We denote this extra time cost for RSU cooperation by T b . Therefore, the scheduling period with RSU cooperation isT sc , whereT sc = T sc + T b . Moreover, the radio resource allocated to the vehicles for the transmission period is (1 − β)R since there is no switching period here. The spectrum efficiency with RSU cooperation is then given by
where
is the number of transmission chances of the vehicle that can be scheduled during T so with RSU cooperation.
C. Numerical Results
Here, we will carry out the spectrum efficiency comparison between the scheduling protocols with and without RSU coop- eration. We denote ρ = SE c /SE nc as the spectrum efficiency improvement ratio of the RSU cooperative protocol relative to the conventional protocol. Clearly, a ratio ρ > 1 indicates that the cooperative protocol is more efficient, and vice versa. Fig. 13 illustrates the spectrum efficiency improvement over the IET during the resource-allocation process, as well as the time cost of RSU cooperation t b . We can see that the spectrum efficiency improvement of the cooperative protocol increases monotonically with IET but decreases monotonically with T b . In other words, this indicates that the cooperative protocol is more beneficial when the resource-allocation strategy comes with a large time cost, but this benefit deteriorates when the RSU cooperation cost is too high. Fig. 14 illustrates the spectrum efficiency improvement versus the sojourn period during which a vehicle is staying within the coverage of a particular RSU, as well as the resource reserved for handover α. We can see that the spectrum efficiency improvement of the RSU cooperation decreases with both the sojourn time and α. Intuitively, the vehicle handover becomes increasingly infrequent as the sojourn time increase.
As a result, the spectrum efficiency of the conventional protocol would increase, thus reducing the advantage of the cooperative protocol. In addition, the spectrum efficiency without RSU cooperation gets deteriorated when more resource is reserved for the handover process.
Summarizing, our proposed cooperative protocol is more beneficial for scenarios with more complicated resourceallocation algorithms, shorter sojourn period, and lower time cost for RSU cooperation.
VI. CONCLUDING REMARKS
In this feasibility study, we have examined the possibility of operating V2V connections in coexistence with V2I links in a D2D underlay mode. We showed that D2D in ITS exhibit transmission rate advantage with respect to the traditional V2V-only mode, the V2I-only mode, or the V2V overlay mode. In addition, we proposed three vehicular-specific remedies to improve the overall system performance in ITS environments: an interference control mechanism, a predictive resource-allocation method, and an RSU cooperative scheduling approach. They have also been each demonstrated to be very effective with low implementation overhead and complexity with extensive simulations in realistic vehicular channels.
As a feasibility study, however, detailed calibration and optimization of these newly proposed methods are yet to be further investigated. These certainly consist of our first step in the ensuing research along the line of this work. In addition, issues beyond the scope of this paper, but of critical timeliness and importance, include the following: incorporation of cooperative communications, network coding, interference cancellation, and advance receivers. Although there have been some work dedicated to these topics in the cellular setup, whether and how they can be migrated to the vehicular setup remains open problems. Due to the high mobility of the vehicular network, another point worth investigating is the cost and benefit of distributed algorithms for scheduling, resource allocation, and interference control. Most of existing techniques rely on a centralized execution. However, distributed algorithms can reduce the time cost. In the extreme case, the absolutely distributed approach would be the pure cognitive radio approach based on spectrum sensing. This, however, completely gives in the interference controllability boasted by D2D communications. Hence, it will also be interesting to see how one can strike for the best tradeoff between centralized and distributed approaches while maintaining an acceptable performance of variable ITS applications in challenging vehicular scenarios.
In a nutshell, this study shows that D2D for ITS is a promising technology capable of boosting the spectrum utilization in vehicular applications. It is also a field rich in challenging problems awaiting innovative yet practical solutions.
